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Abstract–We report the first production of non-mass-dependently fractionated silicate smokes from
the gas phase at room temperature from a stream of silane and/or pentacarbonyl iron in a molecular
hydrogen (or helium) flow mixed with molecular oxygen (or nitrous oxide). The smokes were formed
at the Goddard Space Flight Center (GSFC) at total pressures of just under 100 Torr in an electrical
discharge powered by a Tesla coil, were collected from the surfaces of the copper electrodes after each
experiment and sent to the University of California at San Diego (UCSD) for oxygen isotopic
analysis. Transmission electron microscopy studies of the smokes show that they grew in the gas
phase rather than on the surfaces of the electrodes. We hypothesize at least two types of fractionation
processes occurred during formation of the solids: a mass-dependent process that made isotopically
lighter oxides compared to our initial oxygen gas composition followed by a mass-independent
process that produced oxides enriched in 17O and 18O. The maximum Δ17O observed is +4.7‰ for an
iron oxide produced in flowing hydrogen, using O2 as the oxidant. More typical displacements are 1–
2‰ above the equilibrium fractionation line. The chemical reaction mechanisms that yield these
smokes are still under investigation.
INTRODUCTION
Non-mass-dependent,
chemical,
oxygen-isotopic
fractionation (Thiemens 1996) has been proposed as an
alternative to the reservoir mixing model (Clayton 1993) to
explain the observation of “slope 1” distributions in the
oxygen isotopic composition of mineral components, whole
CAIs, chondrules, and mineral separates in primitive
meteoritic materials. Unfortunately, until now, experimental
evidence that such processes might function efficiently has
only been obtained for gas-phase species such as the
formation of ozone through the O + O2 reaction (Thiemens
and Heidenreich 1983) or the photodissociation of CO2
(Bhattacharya et al. 2000). In this paper, we report evidence
for the action of non-mass-dependent, oxygen isotopic
fractionation during the condensation of silica, iron silicate,
and iron oxide smokes produced in an electrical discharge.
We expect that additional metal oxides such as AlO, CaO, or
MgO might also be fractionated when produced in a similar
environment.
The remarkable discovery that oxygen isotopes in

primitive meteorites are fractionated along a line of slope 1 on
a δ17O versus δ18O plot rather than along the typical slope
0.52 terrestrial fractionation line occurred more than a quarter
century ago (Clayton et al. 1973). However, a satisfactory,
quantitative explanation for this observation has yet to be
found, though many different explanations have been
proposed. The first of these explanations proposed that the
observed line represented the final product produced by
mixing molecular cloud dust with a nucleosynthetic
component rich in 16O. This explanation has had a significant
effect on the way we view our own planetary system, as
compared to the thousands of normal protoplanetary nebulae
observed in our galactic neighborhood. Although we believe
that such normal systems result from the gravitational
collapse of a pre-existing molecular cloud, the inferred
presence of a nucleosynthetic oxygen isotopic component in
the most primitive components of chondritic meteorites was
one of the more important bases for the suggestion that the
collapse of our system’s molecular cloud may have been
triggered by a nearby supernova explosion (Cameron and
Truran 1977). Were this suggestion correct, it would be nearly
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impossible to use observations of our own solar system to
constrain the formation and evolution of modern protostellar
systems formed via gravitational collapse.
Explanations based on a “mixing line” have evolved
over the years. Donald Clayton (1988) suggested that galactic
chemical evolution would gradually change the oxygen
isotopic composition of the interstellar grain population by
steadily producing 16O in supernovae, then producing the
heavier isotopes as secondary products in lower-mass stars.
This scenario could result in a distribution of grains whose
oxygen isotopic composition was naturally distributed along
a slope 1 line, barring the action of any significant grain
destruction processes that would scramble the oxygen
sequestered in old grains into more recently formed solids.
Even though Clayton (1988) demonstrated the possibility of
distributing presolar solids along a slope 1 line, the generally
accepted mixing line now connects an 16O-rich solid
reservoir to a gaseous reservoir enriched in the heavier
oxygen isotopes (Clayton 1993). The origin of such a
distribution has never been justified based on known
astrophysical processes: the implication was that solids
would more easily penetrate the collapsing cloud and
distribute their 16O-rich grains more uniformly throughout
the nascent nebula resulting in 16O-rich solids and 16O-poor
gas. Such a model would naturally predict a relatively large
reservoir of 16O-rich grains. Unfortunately, despite
examination of hundreds of presolar corundum and spinel
grains, no such reservoir has yet been detected (Nittler 1997).
Only recently has it become possible to measure the oxygen
isotopic composition of pre-solar silicates, and these grains
also fail to exhibit any evidence for a large 16O-rich
component (Floss et al. 2006).
A second type of explanation was also proposed to
explain the oxygen isotopic distributions observed in
meteorites and their components—the action of chemical
processes in the solar system. Under normal (e.g., terrestrial
equilibrium) circumstances, the oxygen isotopic distribution
of any set of reactants and products can be calculated from
classical thermodynamics and will lie along a slope 0.515 line
(Urey 1947). However, if thermodynamic equilibrium is
never achieved, then it is possible that non-mass-dependent
isotope effects could be produced as the result of dynamic
chemical processes. Thiemens and collaborators proposed
such an alternative chemical fractionation mechanism that
relied on the availability of additional active rotational and
vibrational states in otherwise symmetric molecules, such as
CO2, O3, or SiO2, containing two different oxygen isotopes.
The oxygen isotopic distributions in O3 samples, processed in
the laboratory, were shown to lie along a slope 1 line
(Thiemens and Jackson 1987) and non-mass-dependent
oxygen isotopic fractionation was also found in ozone in the
terrestrial atmosphere (troposphere and stratosphere)
(Johnston and Thiemens 1997; Mauersberger et al. 2005).
Unfortunately, none of these measurements or experiments

ever conclusively demonstrated that an abnormal isotopic
distribution could be recorded in refractory grains.
As a second example of a potential chemical pathway to
fractionated oxygen, Thiemens and Heidenreich (1983)
proposed that photochemical processes could selectively
dissociate molecules containing 17O and 18O outside of a
certain radius from the Sun due to the much lower abundances
of such species and the concomitantly greater penetration of
dissociative photons. They hypothesized that these atoms
would then react with metals to produce oxides enriched in
heavy oxygen. Unfortunately, quantitative calculations of this
effect using realistic nebular models demonstrated that the
effect of the enhanced photolysis was really quite localized
(Navon and Wasserburg 1985) and readily lost due to isotopic
exchange reactions. Recently, the photochemical selfshielding (Clayton 2002; Lyons and Young 2005) of nebular
CO (the most abundant oxygen carrying molecule in a
nebular environment), was again proposed to be the origin of
anomalous oxygen in the early solar nebula. In this newer
model the anomalous oxygen is quickly sequestered into
water ice and transported inward to react with refractory dust.
Though the self-shielding model (Lyons and Young 2005)
carefully estimates the water ice isotopic composition, recent
experimental observations (Chakraborty and Thiemens 2006)
demonstrate that electronically excited CO photochemical
processes should be quantitatively considered in any nebular
photochemical model, as their effect greatly dilutes the
effectiveness of self-shielding.
Notwithstanding the extensive modeling efforts to
explain this phenomenon, only gas phase reactions have yet
produced products where the oxygen is unambiguously nonmass-dependently fractionated: no such refractory solids have
been produced. One study of the oxygen isotopic distribution
of refractory oxide grains produced in a series of explosive
reactions did hint that there might be a consistent positive
fractionation trend in the data (Nelson et al. 1989).
Unfortunately, these results were just at the limits of detection
for oxygen isotopic measurements at that time. In the original
study the condensates appeared to lie on a line parallel to the
original isotopic distribution, but were displaced to positive
17O by 0.3 per mil (i.e., Δ17O = 0.3‰). These samples were
produced during an experiment where the heating element
broke just as the smokes were beginning to form and the
complex mixture of silane, trimethyl aluminum and oxygen in
a flowing hydrogen atmosphere cooled toward room
temperature through a series of explosive reactions that could
never quite be duplicated again.
NEW EXPERIMENTS AND INTERESTING DATA
We
recently
produced
non-mass-dependently
fractionated iron oxide, silica, and iron silicate smokes from
the gas phase. These experiments were another attempt to
duplicate the conditions in the experiment reported by Nelson
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Fig. 1. Schematic diagram of the modified smoke generator used to synthesize analogs of cosmic dust via electrical discharge from silane, iron
pentacarbonyl, and oxygen in a hydrogen (and sometimes helium) bulk flow. Occasionally, oxygen was replaced as the oxidant by nitrous
oxide or by water vapor to help in understanding the dominant chemical reaction pathway resulting in solid grains in specific environments.

et al. (1989). We reasoned that the broken heater element could
have produced sparks that periodically ignited the gas mixture,
and we therefore decided to use a Tesla coil to spark a cold gas
mixture to produce silica particles from a flowing gas mixture
of H2, O2, and SiH4 in a series of explosive reactions at initial
pressures of 100 torr or less. Even though we collected
samples from several places in the system, the only grain
compositions that did not lie on the terrestrial fractionation line
were on the copper wire electrodes themselves. This led us to
believe that the non-mass-dependent fractionation that we
observed in our samples must have happened in the electrical
discharge produced by the Tesla coil. To investigate this
possibility, we modified the condensation flow apparatus
(CFA) by removing the heated furnace and substituting a set of
large copper electrodes powered by a Tesla coil (see Fig. 1).
The copper electrodes are 20 mm square and 170 mm long and
were machined with a 1 mm offset from center so that they
could be positioned with 1, 2, and 3 mm gaps by rotation of one
or both electrodes. We did not always perform experiments at
all possible electrode gaps and often omitted experiments at
the 2 mm gap to save time.
Experimental Procedure
Using the modified CFA shown in Fig. 1, we ran a series
of very simple experiments. We produced SiOx grains in the
discharge between the electrodes at 1, 2, and 3 mm gaps in

flowing H2 gas to which were added SiH4 and O2 gases in
equal proportions (typically less than 10% of the H2) at total
pressures of either 45 or 90 torr. For some experiments N2O
was substituted for O2 as the oxidant to prevent the formation
of O3 in the discharge. For other experiments we used H2O as
the oxidant in an effort to maximize the concentration of OH
radicals in the reaction zone. H2O was introduced into the
system by bubbling helium carrier gas through distilled liquid
water maintained at room temperature. Note that the flow
reading for these reactions indicates the flow rate of the
helium carrier gas before it became saturated with water
vapor and not the actual flow rate of the water vapor itself.
In all of these experiments smoke production was
minimal when compared to quantities typically produced via
combustion in the unmodified CFA. For run times and flow
rates in the CFA that would ordinarily yield on the order of
0.5 g of smoke via combustion, the discharge typically
produced a few tens of milligrams. Although some sample
was obtained from the downstream aluminum collection
plates and from other locations (see Table 1), the bulk of the
SiOx sample produced in these experiments was collected
from the electrode faces between the gaps.
We produced FeOx and amorphous iron silicate smokes
in a similar fashion. For the FeOx grains, Fe(CO)5 was added
to flowing H2 by bubbling helium through liquid
pentacarbonyl iron kept at 0 °C, and mixing this flow with the
H2. Oxygen was then added to the hydrogen-pentacarbonyl
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Table 1. Summary of δ17O and δ18O on SiOx smoke particles.
Run no.

Bulk flowa
(SCC/min)

Oxidanta
(SCC/min)

Reactanta
(SCC/min)

Pressure
(Torr)

Gapb
(mm)

NBS-28
NBS-28
NBS-28
NBS-28
NBS-28
NBS-28
1

H2: 125

O2: 60

SiH4: 30

90

1

2

H2: 125

O2: 60

SiH4: 30

90

1.0

3

H2: 125

O2: 30

SiH4: 30

90

1.0

4

H2: 125

O2: 60

SiH4: 30

45

1.2

5

H2: 125

O2: 60

SiH4: 30

85

1.5

6
7

H2: 125
H2: 125

O2: 60
O2: 60

SiH4: 30
SiH4: 30

90
90

2.1
3.0

8

H2: 125

O2: 60

SiH4: 30

90

3.0

9

H2: 125

O2: 60

SiH4: 30

85

3

10

H2: 125

N2O: 60

SiH4: 30

90

1.0

11

He: 125

O2: 60

SiH4: 30

90

1.0

12

He: 125

H2Oc/He: 60

SiH4: 30

90

1.65

13

He: 125

H2Oc/He: 30

SiH4: 30

90

1.65

14

He: 125

H2Oc/He: 60

SiH4: 60

90

1.65

Collected
positions

Δ17O
(‰)

H. V.
Ground
H. V.
Ground
H. V.
Collector
H. V.
Ground
Neck of H. V.
H. V.
In furnace
H. V.
H. V.
Ground
H. V.
Ground
H. V.
Ground
In furnace
H. V.
Ground
H. V.
Ground
Neck of H. V.
In furnace
Neck of H. V.
Collector
H. V.
Ground
Neck of H. V.
Collector
H. V. and ground
Collector

0.17
−0.03
0.17
0.12
0.30
0.15
1.81
1.95
1.46
1.78
0.82
0.53
1.82
1.76
2.21
0.79
0.36
1.30
1.45
1.38
1.44
1.61
0.91
1.59
1.07
0.34
0.00
0.36
0.69
0.46
0.16
0.12
−0.20
−0.09
0.38
0.16
−0.21
−0.01
−0.17

a The

numbers under the flow rate show the ball positions of the flow control gauge, i.e., these values do not correspond to the real flow rate, but the rate can be
calculated via calibration curves from these readings.
b Gap is the width between the high-voltage and ground electrodes. A wider gap corresponds to a weaker discharge.
c H O is introduced by bubbling He through liquid water, i.e., the numbers under the reactant column are the ball positions for the He flow gauge.
2

iron mixture before it flowed into the electrode gap, and a
series of experiments were run at total pressures of 45 and
90 torr and gaps of 1 and 3 mm. Again, nitrous oxide was
substituted for O2 in a few experiments to eliminate ozone
production as a major chemical process in the gas mixture. To
produce the amorphous iron silicate smokes, we used the
same procedure described above that produced the FeOx
grains but we also added silane to the flowing H2 in addition
to the Fe(CO)5, prior to the addition of the oxidant and prior to
the electrode gaps. In both series of experiments, the quantity

of smokes produced in the discharge was greatly reduced
when compared to similar experiments using a heated furnace
to stimulate the reaction of the input stream. As above,
although some small quantities of material were found on the
aluminum collector plate or in other locations, the major
source of the smoke samples we collected was the internal
faces of the copper electrodes that were exposed to the
electrical discharge.
After each experiment the samples were collected from
any surface observed to be coated by collectable quantities of
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Fig. 2. A plot of the oxygen isotopic composition of smoke samples produced in an electrical discharge under various experimental conditions.
Small Xs represent calibration runs on the NBS-28 standard while the + represents our starting O2 isotopic composition. Solid diamond
symbols represent silane experiments in flowing H2 using O2. Solid triangles represent the results of silane experiments in He using O2 as the
oxidant. Samples collected during different types of experiments or from locations other than the electrodes are shown by symbols whose
legend is in the box within the figure.

smoke. The samples were placed into small, capped glass
vials and (once a series of runs were completed) then shipped
from GSFC to UCSD for oxygen isotopic analysis. The
oxygen isotopic analyses were carried out using standard
laser fluorination techniques in the laboratory of Professor
Mark Thiemens (Bao and Thiemens 2000).
Experimental Results
The results for the SiOx experiments are shown in Fig. 2,
for the FeOx samples in Fig. 3, and for the amorphous iron
silicate samples in Fig. 4. In addition, detailed experimental
information for each sample analyzed is in Tables 1, 2, and 3
for the silica, iron oxide, and iron silicate samples,
respectively. Note that the starting oxygen isotopic
composition for each of these experiments is isotopically
heavy with respect to standard mean ocean water (SMOW).
In each figure, we have included both the initial oxygen
isotopic composition and the analysis of the NBS standards.
The exact composition of the NBS standards as derived by
our analysis is also given in Table 1. The original oxygen
analysis and the analyses of the NBS standards are used to
define the terrestrial fractionation line.
In the UCSD CO2 fluorination line, the NBS-28 numbers
are always slightly higher (in δ18O and δ17O) compared with
NBS-28’s original δ18O published value of 9.6 per mil with
respect to SMOW. This ~1 per mil higher value is very
consistent and may occur as the result of some gas-handling
procedure during fluorination. Nevertheless, this process is
mass-dependent and thus does not affect our results or

conclusions. In other words, although we could insert a
correction factor to our delta values based on NBS-28’s
measured value compared to its literature value, since we are
not concerned about small differences in delta values (at the
~1 per mil level), and are more concerned about Δ17O values,
we choose to ignore this correction. The standard deviation of
the NBS-28 analyses is much smaller in Δ17O: 0.15 ± 0.11.
The samples we are considering to be anomalous have much
higher δ17O values.
Figure 5 shows a transmission electron micrograph of
silica grains formed in these experiments. A complete
discussion of the transmission electron microscope analyses
and the spectra of these materials can be found in Kimura and
Nuth (Forthcoming). These grains show the typical “beadnecklace” structure indicative of growth through the liquidus
in the gas phase (Stephens 1980). Grain growth from the
initial refractory molecular clusters up to the 10–20 nm
diameter grains observed in our experiments (Fig. 5) must
require grain surface reactions as discussed by Marcus (2004)
whereby Fe or Si atoms, FeO or SiO molecules add to the
freshly nucleated grain surface followed by reactions with O3,
O2, or OH to produce the oxide grains that we observe.
Discussion of Our Results
What is obvious in Figs. 2 through 4 is that there are at
least two distinct fractionation processes at work on the
oxygen in these experiments. One process appears to yield
mass-dependent products that fractionate oxygen to a greater
degree in iron containing smokes than in silica containing
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Fig. 3. A plot of the oxygen isotopic composition of smoke samples produced in an electrical discharge under various experimental conditions.
Small Xs represent calibration runs on the NBS-28 standard while the + represents our starting O2 isotopic composition. Solid diamond
symbols represent silane experiments in flowing H2 using O2. Solid triangles represent the results of silane experiments in He using O2 as the
oxidant. Samples collected during different types of experiments or from locations other than the electrodes are shown by symbols whose
legend is in the box within the figure.

Fig. 4. A plot of the oxygen isotopic composition of smoke samples produced in an electrical discharge under various experimental conditions.
Small Xs represent calibration runs on the NBS-28 standard while the + represents our starting O2 isotopic composition. Solid diamond
symbols represent silane experiments in flowing H2 using O2. Solid triangles represent the results of silane experiments in He using O2 as the
oxidant. Samples collected during different types of experiments or from locations other than the electrodes are shown by symbols whose
legend is in the box within the figure.

smokes. The second process fractionates oxygen in a nonmass-dependent fashion and displaces the products above the
standard mass fractionation line. The result is that our initially
heavy oxygen is spread along and above the standard mass
fractionation line with the general trend toward more 16O-rich
solids that is somewhat counteracted by the non-massdependent trend toward heavier oxygen isotopes. As can be

seen from the figure legends and from Tables 1 through 3, we
did several different types of experiments in an attempt to
narrow down the more important non-mass-dependent
fractionation reactions. We substituted N2O for O2 as our
oxidant in order to eliminate the possibility that ozone
reactions (as an intermediate) were contributing to the
oxidation process. We also substituted helium for the

Non-mass-dependent oxygen isotopic fractionation in smokes produced in an electrical discharge
hydrogen bulk flow used in these experiments to minimize the
importance of OH reactions. This substitution tended to
produce the lightest mass fractionated products, especially for
silica, yet produced a significant non-mass-dependently
fractionated component for iron oxide. The substitution of
water vapor as the oxidant tended to decrease the non-massdependent fractionation observed in the silica grains.
Unfortunately, silane tends to react violently with water vapor
and these experiments frequently ended when a flame was
noted to be present in the reaction chamber. Such flames were
found to produce copious quantities of mass-dependently
fractionated silica grains. These combustion reactions may
have diluted the true degree of fractionation in the solids
produced before ignition in the discharge of the Tesla coil.
Finally, it is worth comparing the iron oxides produced in
flowing helium and in flowing hydrogen. The oxygen in those
grains produced in helium flows were substantially lighter
than the grains formed in flowing hydrogen. Each set of
experiments produced both pure mass-dependently
fractionated iron oxides as well as non-mass-dependently
fractionated grains. However, the iron oxides produced in
hydrogen that show significant non-mass-dependent
fractionations are very heavy when compared to the nonmass-dependently fractionated grains produced in flowing
helium. This could indicate that both OH and O3 reactions are
involved in these fractionation processes, yet there are still
instances where thermodynamically controlled massdependently fractionated products are formed. We do not yet
understand what differentiates the processes that produced
these grains from one another. The only certainty in the
experiments so far is that whatever mass-dependent processes
are operating tend to produce isotopically light grains
whereas mass-independent reactions produce isotopically
heavy solid oxide products.
Until now the primary example of mass-independent
fractionation has been observed during ozone formation
through a gas-phase recombination reaction (O + O2 + M →
O3 + M) (Thiemens and Heidenreich 1983). Recent
theoretical calculations (through non-statistical and quantum
mechanical approaches) (Gao and Marcus 2001; Babikov
et al. 2003) established the role of symmetry in an
isotopologue specific stabilization of the ozone molecule,
giving rise to the mass-independent effect (Heidenreich and
Thiemens 1983). Gao and Marcus (2001) introduced a nonstatistical “η” factor in the gas phase to quantitatively specify
the departure from the normal statistical behavior during
stabilization of vibrationally excited species (like O3*) to a
stable molecule. The symmetry induced mass-independent
effect was also seen in other chemical recombination
reactions (Thiemens 2003).
Recently Marcus (2004) proposed a theoretical
mechanism, introducing a surface analog of the gas phase
“η”-effect and an entropic effect on CAI precursor grain
surfaces to generate an 17O and 18O depleted reservoir on
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Fig. 5. A transmission electron microscope image of typical smokes
collected from the silane flow experiments. These rounded grains
form individual chain or necklace-like structures when the grains
grow and aggregate while suspended in the gas phase. The average
grain is roughly 10–20 nm in diameter, also typical of grains formed
in the gas phase.

grain surfaces followed by the reaction of the adsorbed
species with the growing grain to produce an 16O enriched
solid. The isotopic effect arises due to the symmetry
dependent stabilization of the adsorbed species on the grain
surface. This is the first fully quantitative model that provides
a chemical pathway to explain the mass-independent trend
observed in early solar system solids.
Unfortunately the predictions of Marcus (2004) for a
surface controlled reaction may not be applicable to our
results, since his predictions are based on rapid growth
reactions in a high temperature condensation scenario while
our grains formed near room temperature, in the presence of
strong electric fields, free electrons and ions. Instead of
becoming 16O-enriched due to a heavy oxygen depleted
surface reservoir, our grains are enriched in 17O and 18O.
From previous studies (Nuth et al. 2002), we know that such
condensates are almost always under oxidized and can slowly
react with atmospheric oxygen. If our smokes partially
reacted with normal atmospheric oxygen during shipment to
UCSD then the addition of this normal oxygen component
would dilute the original degree of mass-independent
fractionation. It is therefore possible that the original
molecular distribution is even more enriched in heavy oxygen
than we have measured, and that the compositions reported in
this paper are underestimates of the true degree of non-massdependent fractionation produced during condensation and
growth of the grains in these experiments.
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Table 2. Summary of δ17O and δ18O on FeOx smoke particles.
Run no.

Bulk flowa
(SCC/min)

Oxidanta
(SCC/min)

Reactanta, b
(SCC/min)

Pressure
(Torr)

Gapc
(mm)

Collected
positions

Δ17O
(‰)

1

H2: 125

O2: 30

Fe(CO)5/He: 30

90

1

2

H2: 125

O2: 30

Fe(CO)5/He: 30

40

1.0

3

H2: 125

O2: 30

Fe(CO)5/He: 30

90

1.0

4

H2: 125

O2: 60

Fe(CO)5/He: 30

90

1.0

5

H2: 125

N2O: 30

Fe(CO)5/He: 30

90

1.0

6

H2: 125

N2O: 60

Fe(CO)5/He: 30

90

1.0

7

He: 125

O2: 60

Fe(CO)5/He: 30

90

1.0

8

He: 125

O2: 60

Fe(CO)5/He: 30

90

3.0

H. V.
Ground
H. V.
Ground
Neck of H. V.
H. V.
H. V.
H. V.
H. V.
Ground
Window
H. V.
Ground
H. V.
Ground
H. V.
Ground
H. V.
Ground

0.70
4.74
−0.02
0.09
0.56
2.15
2.11
2.42
0.17
−0.27
−0.25
0.25
−0.11
0.00
0.02
−0.18
0.23
1.72
1.35

a The

numbers under the flow rate show the ball positions of the flow control gauge, i.e., these values do not correspond to the real flow rate, but the rate can be
calculated via calibration curves from these readings.
b Iron pentacarbonyl (Fe(CO) ) is introduced by bubbling He through the liquid iron pentacarbonyl, i.e., the numbers under the reactant column are the ball
5
positions for the He flow gauge.
c Gap is the width between the high-voltage and ground electrodes. A wider gap corresponds to a weaker discharge.

Table 3. Summary of Δ17O and Δ18O on FeSiOx smoke particles.
Run no.

Bulk flowa
(SCC/min)

Oxidanta
(SCC/min)

Reactantsa, b
(SCC/min)

Pressure
(Torr)

Gapc
(mm)

1

H2: 125

O2: 30

SiH4: 30

90

1.0

2

H2: 125

O2: 30

SiH4: 30
Fe(CO)5/He: 30

90

1.0

3

H2: 125

O2: 30

90

3.0

4

H2: 125

N2O: 60

90

1.0

5

He: 125

O2: 60

SiH4: 30
Fe(CO)5/He: 30
SiH4: 30
Fe(CO)5/He: 30
SiH4: 30
Fe(CO)5/He: 30

90

1.0

a The

Collected positions

Δ17O
(‰)

Up on H. V.
Mid and down on H. V.
Up on ground
Mid on ground
Down on ground
In furnace
Collector
Up on H. V.
Down on H. V.
Whole on H. V.
Mid on ground
Down on ground
Whole on ground.
Whole on H. V.
Whole on ground
H. V.
Ground
H. V.
Neck of H. V.
In furnace

1.63
0.52
0.58
0.72
0.80
0.10
0.02
0.74
0.77
0.84
0.93
0.71
0.73
0.44
0.45
0.22
−0.01
0.30
0.55
0.04

numbers under the flow rate show the ball positions of the flow control gauge, i.e., these values do not correspond to the real flow rate, but the rate can be
calculated via calibration curves from these readings.
b Iron pentacarbonyl (Fe(CO) ) is introduced by bubbling He through the liquid iron pentacarbonyl, i.e., the numbers under the reactant column are the ball
5
positions for the He flow gauge. Up, mid, and down mean those samples were collected from upstream, midstream and downstream on each electrode,
respectively.
c Gap is the width between the high-voltage and ground electrodes. A wider gap corresponds to a weaker discharge.
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Table 4. Temperature dependence of Δ17O and Δ18O on SiOx smoke particles.
Run no.

Bulk flowa
(SCC/min)

Oxidanta
(SCC/min)

Reactanta
(SCC/min)

Pressure
(Torr)

Gapb
(mm)

Temp.
(°C)

1

H2: 125

O2: 60

SiH4: 30

90

1.65

25

2

H2: 125

O2: 60

SiH4: 30

90

1.65

94

3

H2: 125

O2: 60

SiH4: 30

90

1.65

151

4

H2: 125

O2: 60

SiH4: 30

90

1.65

225

5

H2: 125

O2: 60

SiH4: 30

90

1.65

254

6

He: 125

H2Oc/He: 30

SiH4: 60

90

1.65

25

7

He: 125

H2Oc/He: 30

SiH4: 30

90

1.65

155

Collected
positions

Δ17O
(‰)

H. V.
Ground
H. V.
Ground
H. V.
Collector
H. V.
Ground
H. V.
In furnace
H. V. and ground
Collector
H. V.
Neck of H. V.
Ground

1.42
1.00
1.17
0.79
0.88
0.80
0.10
0.09
0.15
0.04
−0.01
−0.17
0.13
0.67
0.57

a The

numbers under the flow rate show the ball positions of the flow control gauge, i.e., these values do not correspond to the real flow rate, but the rate can be
calculated via calibration curves from these readings.
b Gap is the width between the high-voltage and ground electrodes.
c H O is introduced by bubbling He through liquid water, i.e., the numbers under the reactant column are the ball positions for the He flow gauge.
2

When we produce very similar smokes via combustion
reactions (e.g., Nuth et al. 2002), the oxygen isotopic
composition of the solids always lies on the mass-dependent
fractionation line, yet smokes produced via an electrical
discharge do not always seem to follow this trend (though
they sometimes do!). Ion molecule reactions have not yet
been shown to produce non-mass-dependent fractionation,
but we do suspect that the discharge atomizes the precursors
that then react to form the solids that we observe as a series of
surface mediated grain growth reactions. Although grain
formation in this system takes place at room temperature, the
discharge itself produces a very energetic environment that
might play some role in the fractionation process as these
grains nucleate and grow.
We have tried some preliminary discharge experiments at
temperatures up to 525 K and find that non-mass-dependent
fractionation effects decrease with increasing temperature
(Table 4). Unfortunately, this effect might be due to back
reactions of the first-formed grains with the gas stream
flowing over the electrodes: this effect might therefore be
more a measure of the temperature-dependent rate of isotopic
equilibration between the oxygen reservoir and the reactive
growing solids rather than a measure of the temperature
dependence of the fractionation process in the electrical
discharge.
WHERE DO WE GO FROM HERE?
As noted above, we have succeeded in producing
“heavy” refractory condensates using an electrical discharge
to dissociate Fe(CO)5, SiH4, H2, and O2 at gas temperatures of
only 300 K. We do not yet know the mechanism for the
observed fractionations, though we suspect that more than

one process is likely to be operating. We do not believe that
the process depends directly on the action of gas-phase ionmolecule reactions, but suspect that the discharge atomizes
the precursors that then quickly react to form the solids that
we observe. We also suspect that much of the isotopic
fractionation occurs as the grains grow from clusters to larger
(~20 nm) solids. This would imply that the fractionating
reactions occur on the surfaces of the growing grains and not
as simple gas phase reactions. Even more unfortunate, if this
conjecture is correct, is that the products of these reactions
appear to contradict the only available theoretical treatment of
non-mass-dependent oxygen isotopic fractionation occurring
on solid grain surfaces (Marcus 2004). However, because this
mechanism applies to high temperature condensation
reactions in an electrically neutral environment, it may simply
be inapplicable to our experimental results. Obviously much
more experimental and theoretical work remains to be done.
We note that some degree of ionization is common in the
primitive solar nebula and in typical protostellar systems.
High fluxes of ultraviolet radiation can ionize both atoms and
molecules at radial distances quite far from the central
protostar (depending on the degree of disk flaring). In
addition, chemical reactions in the innermost regions of the
disk are sure to be influenced by the strong electric and
magnetic fields of the protosun, especially near the x-point
(Shu et al. 1996). As grains approach the protosun, some will
vaporize and some fraction of such vapors will be ionized and
transported to cooler regions where nucleation and grain
growth might occur. As this transport will be along magnetic
field lines originating in the protosun, there is every reason to
believe that condensation in these cases will occur in an
environment that shows some degree of ionization.
Depending on the speed with which such vapors are
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transported, grain growth could take place quite far from the
central star and even at moderate temperatures, though 300 K
is much cooler than temperatures typically expected for the
formation of silicate grains in the protostellar nebula.
We have demonstrated non-mass-dependent oxygen
isotopic fractionation in SiOx, FeOx, and Fe-SiOx grains
formed in a discharge at room temperature. We need to
measure the temperature dependence of these effects if we are
to understand the relevance of our observations to the solar
nebula. As noted above, our initial experiments to measure
this effect were inconclusive. These preliminary experiments
demonstrated that we must first obtain a measure of the
temperature-dependent rate of equilibration between freshly
condensed smokes and the typical oxygen-bearing molecules
that remain in the flow. We also need to determine if other
refractory species such as AlO, CaO, or MgO exhibit some
degree of fractionation when produced under similar
circumstances. In addition, if the electrical discharge simply
serves as a source of reactive radicals and atoms and as a
source that breaks down the stable reactants into their atomic
constituents, then we should be able to achieve the same
effect by using a UV lamp—probably of considerable
intensity—to achieve the same starting conditions for grain
condensation.
Finally, it is possible that all of the fractionation occurs
via simple gas phase reactions that produce SiO2 and FeO2
molecular populations that are non-mass-dependently
fractionated, and that these gas phase constituents simply
grow into amorphous dust grains. In our original work, we
used N2O as a source of oxygen in order to suppress O3
production in the discharge, and the result was that we
observed very little non-mass-dependant fractionation in the
resultant smokes. When ozone forms in a discharge, it is
enriched in heavy oxygen while the leftover O2 is enriched in
16O. From these experiments, it appears possible that the
active agent producing the observed fractionation may have
been ozone that formed in the discharge and was enriched in
heavy oxygen that then reacted either with the growing grains
or with their gas-phase precursors to transfer the heavy
oxygen enrichment to the final solids.
SUMMARY
Though we have produced the first refractory solids that
are definitively fractionated in a non-mass-dependent
fashion, and we can reproduce these materials at will, we do
not yet understand the chemical reaction mechanism that
produces this effect. There are many variables whose effects
need to be quantitatively measured, including temperature,
electric field strength, total pressure, and the effect of specific
reactants such as ozone or OH on the isotopic composition of
the products. We also need to determine if such effects are
specific to iron and silicon oxides or if they are more
generally applicable to other oxides such as aluminum

calcium, magnesium and titanium. Finally, we need to
determine why when a specific gas stream undergoes
combustion reactions, the oxygen isotopic distribution of the
smokes falls along the equilibrium fractionation line, whereas
when this same stream passes through an electrical discharge,
the resultant fractionation pattern displays non-massdependent fractionation. Much more experimental work is
needed before these results can be applied to processes that
might have occurred in the primitive solar nebula.
Editorial Handling—Dr. Larry Nittler
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